An improved practical synthesis of L-vancosamine-related glycosyl donors is described. The key steps include (1) stereoselective addition of methylcerium reagent to oximino ether and (2) stereoselective hydrogenation of exocyclic unsaturated glycoside in the presence of Wilkinson catalyst with C(5) inversion to give L-vancosamine derivatives. Three glycosyl donors were prepared, and their reactivities in the aryl C-glycoside formation were compared. Conversion of primary amine and azide to the corresponding N,N-dimethyl derivative is also described.
INTRODUCTION
L-Vancosamine and its N,N-dimethyl derivative are found as the sugar constituents of several antibiotics. For example, L-vancosamine 1,2 is included in vancomycin, a glycopeptide antibiotic that is important for the treatment of methicillin-resistant Staphylococcus aureus. 3 The N,N-dimethyl analog occurs as an O-glycoside in the nocardicyclin antibiotics 4, 5 and as a C-glycoside in the pluramycin-hedamycin class antibiotics ( Figure 1 ). [6] [7] [8] Many methods have been recorded for synthesizing the vancosamine derivatives starting either from carbohydrates [9] [10] [11] [12] [13] [14] [15] [16] or noncarbohydrates. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] However, most of the methods had problems on practicality; for example, use of toxic reagents or expensive starting materials. Herein, we record a viable method for preparing glycosyl donors of L-vancosamine derivatives.
RESULTS AND DISCUSSION
The route is primarily based on the report by Thang et al., 29 which has been improved 30 in terms of the stereoselectivity, and thus overall efficiency. The starting material was a known ketone 1 31 derived from commercially available methyl a-D-mannopyranoside, treatment of which with O-methyl hydroxylamine hydrochloride (NaOAc, MeOH, room temperature, 6 h) gave oximino ether 2 in 86% yield. Treatment of 2 with the methylcerium species, 32, 33 generated by mixing MeLi and anhydrous CeCl 3 (tetrahydrofuran (THF), -78 1C-0 1C, 4 h), gave amine 3 as a single product. The stereostructure of 3 was assigned by the NOE experiment as shown in Figure 2 . After conversion of amine 3 to trifluoroacetamide 4 [(CF 3 CO) 2 O, pyridine, 4-(dimethylamino)pyridine (DMAP), CH 2 Cl 2 , 30 min], the N-O bond was cleaved with samarium iodide 34, 35 (MeOH, THF, 0 1C, 30 min), giving amide 5 in 95% yield. Recrystallization (EtOAc, hexane) gave nice single crystals of 5 suitable for X-ray analysis, confirming the stereochemical identity ( Figure 3 and Scheme 1).
The benzylidene acetal in 5 was cleaved with N-bromosuccinimide 36,37 (pyridine, CCl 4 , reflux, 4 h) to give bromide 6 in 87% yield. Note that this process should be conducted at low concentration (o30 mM): When performed at higher concentration the yield was not reproducible, and unidentified products were produced presumably by the competing bromination of the trifluoroacetamide in 5. 38 Recrystallization (Et 2 O, hexane) gave nice single crystals of 6 suitable for X-ray analysis (Figure 4 39 which was subjected to catalytic hydrogenation of the exocyclic 5,6-double bond.
Our previous protocol 30 using 10% Pd/C (MeOH, room temperature, 12 h) suffered from the low stereoselectivety (o7:3). The main product 8 was produced in 67% yield, and the C(5)-epimer, epi-8 in 29% yield (Table 1 , run 1). Although these stereoisomers (8 and epi-8) were easily separable by silica-gel chromatography, we sought for a better protocol to improve the stereoselectivity and the yield. In spite of the originally reported protocol, 29 use of Raney Ni as the catalyst gave no hydrogenated products in our hands (run 2). Pearlman's catalyst (Pd(OH) 2 /C) gave products 8 and epi-8 in a better stereoselectivity (run 3). On the other hand, the combination of triethylsilane with Lewis acids gave no desired compound (run 4). Finally, we found that the hydrogenation of 7 over Wilkinson catalyst 40 (5 mol%, toluene, EtOH, room temperature, 10 h) proceeded in an excellent stereoselectively to give the desired stereoisomer 8 in 96% yield (run 5; Scheme 2).
Having the key intermediate 8 in hand, we prepared three vancosaminyl acetate donors 9, 12 and 15, differing in the protection of 3-amino and 4-hydroxy groups ( Figure 5 ). Preparation of 4-Obenzoyl donor 9 was previously described, 30 and the routes to amide acetate 12 and azide 15 are outlined in Schemes 3 and 4, respectively. Scheme 3 shows preparation of amide acetate 12. The 4-O-benzoyl group in 8 was selectively removed by treatment with Mg(OMe) 2 (MeOH, 0 1C, 1.5 h) to give the corresponding alcohol 10, 41 which was protected with a benzyl group (BnBr, NaH, DMF, room temperature, 2 h) to give benzyl ether 11 in 80% yield (two steps). Hydrolysis of 11 in 20% aqueous AcOH (100 1C, 3.5 h) 42 followed by acetylation (Ac 2 O, DMAP, pyridine, room temperature, 11 h) gave glycosyl acetate 12 in 92% yield (two steps).
In our synthetic study on the pluramycin-class antibiotics, we needed the glycosyl donors with different protection for the C(3)-amino group. One of the promising donors was azide 15. After hydrolysis of 11 by 5 M aqueous NaOH (MeOH, 40 1C, 9 h), the resulting free amine 13 was subjected to the diazo-transfer reaction by treatment of TfN 3 43-45 in the presence of CuSO 4 (MeOH, H 2 O, room temperature, 2.5 h), giving the desired azide 14 in 95% yield (two steps). Recently, Kitamura et al. 45 have developed diazo-transfer reagent 16, which is stable against heat and impact. Indeed, use of 16 for the same conversion (13) (14) proceeded smoothly (DMAP, MeCN, room temperature, 1 h), giving azide 14 in 91% yield. Recrystallization (hexane, EtOAc) gave nice single crystals of 14 amenable for the X-ray analysis ( Figure 6 ). Hydrolysis of 14 (20% aqueous AcOH, 100 1C, 3.5 h) followed by acetylation (Ac 2 O, DMAP, pyridine, room temperature, 11 h) gave glycosyl actetate 15 in 81% yield (two steps).
With three glycosyl donors 9, 12 and 15 in hand, their reactivities were assessed by the aryl C-glycosidation with phenol 17 in the presence of 25 mol% of Sc(OTf) 3 (Drierite, 1,2-dichloroethane). In the case of C(3)-trifluoroacetamide-substituted acetates 9 and 12, Cglycosides 18 and 19 were obtained in 94% and 88% yield, respectively (runs 1 and 2). However, the azide acetate 15 gave poor result, giving C-glycoside 20 in 48% yield (run 3; Table 2 ).
Finally described is a reliable protocol for converting these amino and azido compounds into the N,N-dimethyl derivatives. Primary amine 13 was converted to the dimethylamino sugar 21 in excellent yield by treatment with formalin and sodium cyanoborohydride (MeCN, 0 1C, 15 min). Azide 14 could also be converted in one pot to N,N-dimethylamine 21 (74% yield) by a modified protocol of our previous report 46, 47 (PMe 3 , CH 2 Cl 2 , room temperature, 4 h; aq HCHO, NaBH 3 CN, AcOH, MeCN, room temperature, 1 h; Scheme 5).
In conclusion, an improved synthesis of L-vancosamine donors has been described. Conversion of primary amine and azide to the corresponding N,N-dimethyl derivative is also described. 
EXPERIMENTAL PROCEDURE General
All experiments dealing with air-and moisture-sensitive compounds were conducted under an atmosphere of dry argon. Ethereal solvents (anhydrous; Kanto Chemical Co., Inc., Tokyo, Japan) were used as received. Dichloromethane and 1,2-dichloroethane were distilled successively from P 2 O 5 and CaH 2 , and stored over 4A molecular sieves. For TLC analysis, Merck precoated plates (Merck, Darmstadt, Gemany) (silica gel 60 F254, Art 5715, 0.25 mm) were used. For flash column chromatography, silica gel 60N (Spherical, neutral, 23-210 mm) from Kanto Chemical was used. Preparative TLC was performed on Merck silica gel 60 PF254 (Art 7747). Determinations of m.p.were performed by using a Yanako MP-500 (Yanako, Kyoto, Japan) instrument. 1 H NMR and 13 C NMR spectra were measured on a JEOL JNM ECX-500 (JEOL, Tokyo, Japan) (500 MHz), a JEOL JNM AL-400 (400 MHz), a JEOL JNM Lambda-400 (400 MHz) or a JEOL JNM AL-300 (300 MHz) spectrometer, and are reported in p.p.m. using tetramethysilane as an internal standard (tetramethysilane ¼ 0 p.p.m.). 1 H NMR spectra data are reported as:
IR spectra were recorded on a Jasco IR-Report 100 (Jasco, Tokyo, Japan) or a Perkin Elmer Spectrum 100 FTIR spectrometer (Perkin Elmer, Waltham, MA, USA). Attenuated total reflectance (ATR) FTIR spectra were recorded on a Perkin Elmer 100 spectrometer. Optical rotations ([a] D ) were measured on a Jasco DIP-1000 polarimeter. Elemental analyses were recorded on an Elementar vario MICRO cube analyzer (Elementar, Tokyo, Japan).
A solution of ketone 1 (52.0 g, 197 mmol), O-methylhydroxylamine hydrochloride (29 g, 347 mmol) and NaOAc (29.3 g, 358 mmol) in MeOH (1040 ml) was stirred at room temperature for 6 h. After cooling to 0 1C, the mixture was poured into water (2 l). The precipitates were collected by filtration to provide O-methyl oxime 2 (49.5 g, 86%) as white solids, which were used in the next step without further purification. An analytical sample of 2 was obtained by recrystallization from MeOH as colorless needles.
R 
Cerium chloride heptahydrate (36.8 g, 98.8 mmol) was dried under vacuum (0.1 mm Hg) by the Imamoto procedure. 33 The resulting powders were cooled under vacuum, and the flask was flushed with argon. Dry THF (400 ml) was added, and the resulting suspension was stirred vigorously at room temperature for 12 h. The mixture was cooled at -78 1C, to which MeLi (1.09 M in Et 2 O, 90 ml, 98.1 mmol) was added dropwise. The yellow suspension was stirred for 1 h, and a solution of O-methyl oxime 2 (10.1 g, 34.4 mmol) in THF (100 ml) was added dropwise. After 1 h at -78 1C, the reaction mixture was gradually warmed to 0 1C, and the stirring was continued for 3 h. To the resulting brown suspension saturated aqueous NH 4 Cl was added, and the products were extracted with EtOAc (3 Â ). The combined organic extracts were successively washed with brine, saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 ). Filtration and concentration in vacuo gave amine 3 (11.4 g) as light brown oil, which was used in the next step without further purification. An analytical sample of 3 was obtained by column chromatography (hexane/EtOAc ¼ 7/3) and recrystallization from Et 2 O/hexane. 
To a solution of the crude amine 3 (11.4 g), pyridine (5.9 ml, 73 mmol) and DMAP (0.20 g, 1.6 mmol) in CH 2 Cl 2 (100 ml), trifluoroacetic anhydride (10.2 ml, 73.4 mmol) was added dropwise at 0 1C. The mixture was stirred at 0 1C for 0.5 h, and quenched with water and then 1 M HCl. The products were extracted with CH 2 Cl 2 (3 Â ). The combined organic extracts were successively washed with brine, saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 ), filtered and concentrated. The residue was triturated with (hexane/EtOAc ¼ 9/1) to give trifluoroacetamide 4 (10.9 g) as white solids. The mother liquer was concentrated, and the residue was purified by column chromatography (hexane/EtOAc ¼ 9/1) to give 2.34 g of 4. The combined yield of these materials was 95% in two steps. To a solution of trifluoroacetamide 4 (6.99 g, 17.3 mmol) in MeOH (30 ml), SmI 2 (prepared from Sm (10.2 g, 68.1 mmol) and 1,2-diiodoethane (17 g, 60.5 mmol) in THF (600 ml)) 35 was added at 0 1C. After stirring for 0.5 h, the reaction was quenched by the addition of 2 M HCl, and the products extracted with EtOAc (3 Â ). The combined extracts were successively washed with saturated aqueous NaHCO 3 , 10% aqueous Na 2 S 2 O 3 and brine, and then dried (Na 2 SO 4 ). After filtration and concentration in vacuo, the crude residue was purified by column chromatography (hexane/EtOAc ¼ 75/25) to give amide 5 (6.13 g, 95%) as white solids. An analytical sample of 5 was obtained by crystallization from EtOAc/hexane as colorless prisms. -1 . Intensity data were collected on Rigaku R-AXIS Rapid IP area detector system (Rigaku, Tokyo, Japan). The structure was solved by direct methods and refined by the full-matrix least-squares on F 2 (SHELXL-97 (Sheldrick, 1997)). A total of 17 480 reflections were measured and 4058 were found to be independent. Final R1 ¼ 0.0386, wR2 ¼ 0.0967 (3356 references; I42s(I)), and goodness of fit (GOF) ¼ 1.098 (for all data, R1 ¼ 0.0474, wR2 ¼ 0.1021).
Methyl 4-O-benzoyl-6-bromo-2,3,6-trideoxy-3-C-methyl-3-trifluoroacetamido-a-D-ribo-hexopyranoside (6)
To a mixture of trifluoroacetamide 5 (10.0 g, 26.7 mmol) in dry carbon tetrachloride (900 ml), N-bromosuccinimide (5.72 g, 32.1 mmol) and pyridine (5 ml, 61.8 mmol) were added. The mixture was heated under reflux for 4 h under normal room light illumination. Solvents were removed in vacuo to some extent, and the residue was dissolved in CH 2 Cl 2 and washed successively with 5% aqueous NaHSO 3 , saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 ). After filtration and concentration in vacuo, the residue was purified by column chromatography (hexane/EtOAc ¼ 9/1) to give bromide 6 (10. 
Intensity data were collected on Rigaku R-AXIS Rapid IP area detector system. The structure was solved by direct methods and refined by the full-matrix least-squares on F 2 (SHELXL-97). A total of 9422 reflections were measured and 4368 were independent. Final R1 ¼ 0.0340, wR2 ¼ 0.0774 (3810 references; I42s(I)), and GOF ¼ 1.069 (for all data, R1 ¼ 0.0432, wR2 ¼ 0.0850).
Methyl 4-O-benzoyl-2,3,6-trideoxy-3-C-methyl-3-trifluoroacetamido-a-D-erythro-hex-5-enopyranoside (7)
To a solution of bromide 6 (19.7 g, 43.3 mmol) in DMF (220 ml), DBU (12.2 ml, 86.5 mmol) was added. The mixture was heated to 90 1C for 4 h. After cooling to room temperature, the mixture was quenched with 10% aqueous KHSO 4 . The products were extracted with EtOAc (3 Â ), and the combined extracts were washed with saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 ). After filtration and concentration in vacuo, the residue was purified by column chromatography (hexane/EtOAc ¼ 9/1) to give enol ether 7 (13 g, 80%) as white solids. 
Methyl 4-O-benzoyl-2,3,6-trideoxy-3-C-methyl-3-trifluoroacetamido-b-L-lyxo-hexopyranoside (8)
A mixture of enol ether 7 (10.3 g, 27.6 mmol) and RhCl(PPh 3 ) 3 (1.20 g, 1.30 mmol) in toluene (250 ml) and EtOH (25 ml) was stirred under a hydrogen atmosphere (balloon) at room temperature for 10 h. After filtration through a Cerite pad followed by concentration in vacuo, purification by column chromatography (hexane/EtOAc ¼ 9/1-7/3) gave benzoate 8 (9.94 g, 96%) as a colorless syrup and the stereoisomer epi-8 (0.31 g, 3%) as white solids. 
Benzoate 8 (756 mg, 2 mmol) was dissolved in 20% aqueous AcOH (40 ml), and the mixture was heated under reflux for 3.5 h. After cooling to 0 1C, the mixture was basified by saturated aqueous NaHCO 3 . After extraction (EtOAc, 3 Â ), the combined organic extracts were washed with brine and then dried (Na 2 SO 4 ). After filtration and evaporation in vacuo, the residue was dissolved in pyridine (8 ml), to which was added Ac 2 O (2 ml), and DMAP (6 mg) at 0 1C. After 11 h at room temperature, the reaction was quenched by 1 M HCl. After extraction (EtOAc, 3 Â ), the combined organic extracts were sequentially washed with brine, saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 ). After filtration and concentration in vacuo, purification with column chromatography (hexane/EtOAc ¼ 6/4) gave acetate 9 (715 mg, 88%, a/b ¼ 1/5) as white solids. Recrystallization from CH 2 Cl 2 /hexane gave 9 as white powders. To a solution of Mg(OMe) 2 in MeOH (prepared from magnesium (1.12 g, 46 mmol) and MeOH (230 ml)), a solution of benzoate 8 (6.24 g, 16.6 mmol) in MeOH (100 ml) was added at 0 1C. After stirring for 1.5 h, the mixture was acidified by carefully adding aqueous 2 M HCl, and MeOH was removed under reduced pressure. The products were extracted with EtOAc (5 Â ), and the combined organic extracts were washed with brine and then dried (Na 2 SO 4 ). After filtration, solvents were evaporated in vacuo, and purification by column chromatography (hexane/EtOAc ¼ 8/2) gave alcohol 10 (3.75 g, 83%) as white solids. Recrystallization from Et 2 Methyl 4-O-benzyl-2,3,6-trideoxy-3-C-methyl-3-trifluoroacetamido-b-L-lyxo-hexopyranoside (11) To a mixture of NaH (63% dispersion in oil, 1.8 g, 48 mmol) in DMF (50 ml), a solution of alcohol 10 (3.75 g, 13.8 mmol) in DMF (20 ml) was added. After stirring for 2 h, benzyl bromide (5.66 g, 33.1 mmol) was added, and the mixture was allowed to warm to room temperature. After stirring for 2 h, water and Et 2 NH were successively added at 0 1C. After 0.5 h, aqueous 2 M HCl was added, and the products were extracted with Et 2 O (3Â ). Combined organic extracts were washed successively with brine, saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 ). After filtration and concentration in vacuo, the residue was purified by column chromatography (hexane/EtOAc ¼ 8/2) to give benzyl ether 11 (4.52 g, 91%) as a colorless oil. 
Benzyl ether 11 (1.50 g, 4.15 mmol) was dissolved in 20% aqueous AcOH (200 ml, 0.68 mol), and the mixture was heated under reflux for 3.5 h. After cooling to 0 1C, the mixture was basified by adding KOH (3 M, 220 ml, 0.66 mol) and saturated aqueous NaHCO 3 . After extraction with EtOAc (3 Â ), the combined organic extracts were washed with brine and then dried (Na 2 SO 4 ). After filtration, solvents were removed in vacuo. The residue was dissolved in pyridine (5 ml), to which was added Ac 2 O (1 ml) and DMAP (10 mg) at 0 1C. After 1.5 h, the reaction was quenched by adding 1 M HCl. The products were extracted with EtOAc (3 Â ), the combined organic extracts were washed successively with brine, saturated aqueous NaHCO 3 and brine, and then dried (Na 2 SO 4 
To a solution of amide 11 (4.69 g, 13 mmol) in MeOH (55 ml), 5 M NaOH (14 ml, 60 mmol) was added and the reaction mixture was stirred at room temperature for 9 h. The reaction mixture was concentrated in vacuo to some extent, was diluted with H 2 O and EtOAc, and the was extracted with EtOAc (5 Â ). The combined organic extracts were washed with brine and then dried 44 . To a mixture of NaN 3 (5.92 g, 91.1 mmol) in toluene (15 ml) and H 2 O (15 ml), Tf 2 O (7.76 ml, 45.5 mmol) was added at 0 1C; the mixture was stirred at 10 1C for 2 h. The reaction mixture was quenched by the addition of saturated aqueous NaHCO 3 , and the mixture was extracted by toluene (10 ml 2 Â ) to give a toluene solution of TfN 3 , which was used in the subsequent diazo-transfer reaction. (warning: TfN 3 has an explosive nature and requires very careful treatment.)
Methyl 4-O-benzyl-2,3,6-trideoxy-3-C-methyl-3-azido-b-L-lyxohexopyranoside (14) To a suspension of a mixture of amine 13 (3.22 g, 12.2 mmol), CuSO 4 (208 mg, 1.30 mmol), NaHCO 3 (5.44 g, 64.8 mmol) in MeOH (28 ml) and H 2 O (7 ml), a freshly prepared TfN 3 solution (28 ml) was added at 0 1C. After stirring for 2.5 h at room temperature, the mixture was diluted with H 2 O and EtOAc, and the products extracted with EtOAc (3 Â ). The combined organic extracts were washed with brine, and it was then dried (Na 2 SO 4 ) and concentrated in vacuo. -1 . Intensity data were collected on Rigaku VariMax Rapid-II IP area detector system. The structure was solved by direct methods and refined by the full-matrix least-squares on F 2 (SHELXL-97). A total of 17 995 reflections were measured, and 2852 were found to be independent. Final R1 ¼ 0.0452, wR2 ¼ 0.1124 (2399 references; I42s(I)), and GOF ¼ 1.018 (for all data, R1 ¼ 0.0513, wR2 ¼ 0.1168).
Alternative synthesis of 14 by using reagent 16. To a solution of amine 13 (34.3 mg, 0.13 mmol) and DMAP (47.1 mg, 0.39 mmol) in MeCN (1.3 ml), 16 (45.2 mg, 0.16 mmol) was added at 0 1C. After stirring for 1 h at room temperature, the reaction was quenched with saturated aqueous NaHCO 3 at 0 1C, and the products were extracted with EtOAc (3 Â ). The combined organic extracts were successively washed with H 2 O and brine, and then dried (Na 2 SO 4 ). After filtration and concentration in vacuo, the crude residue was purified by preparative TLC (hexane/EtOAc ¼ 8/2) to give azide 14 (34.3 mg, 91%) as white solids.
4-O-Benzyl-2,3,6-trideoxy-3-C-methyl-3-azido-a,b-L-lyxohexopyranosyl acetate (15) 
